Phosphorylation of Tub4p Is Cell Cycle Dependent
We next examined whether Tub4p phosphorylation changes during the yeast cell cycle. Wild-type cells containing endogenous levels of Tub4p were arrested in G1 with ␣ factor (Minshull et al., 1996) and released into fresh medium in the presence and absence of nocodozole (NZ), a microtubule-destabilizing drug that arrests cells prior to mitosis (Jacobs et al., 1988; Minshull et al., 1996) . Lysates were prepared from cells in G1, S phase (coincident with bud formation), and M phase, extracted in the presence of PPase inhibitors or with CIP, and subsequently incubated at 37ЊC for 30 min, and the proteins were prepared for 2D gel analysis (Figure 1B) . Representative cells from each phase are shown. At least four Tub4p isoforms are detected in extracts prepared from G1-arrested cells. As before, treating extracts with CIP eliminates all of the acidic isoforms and results in a single basic isoform. The acidic Tub4p isoforms are dramatically reduced in extracts prepared from S phase cells (as indicated by bud formation) and absent in M phase cells. Treatment with CIP had little effect on Tub4p isoform complexity or mobility in S phase and M phase samples. Overexposure of these samples did not reveal additional isoforms (data not shown). Together, these results indicate that Tub4p phosphorylation occurs predominantly in G1 and is absent in mitosis.
Tyr445 Is Required for Phosphorylation In Vivo
The carboxy terminus (CTR) of Tub4p is composed of the conserved DSYL motif and divergent acidic tail region. The DSYL motif is highly conserved between were introduced into the chromosome for expression at endogenous levels (see Experimental Procedures). to the N terminus of Tub4p. As shown in Figure 1A , five Since mutations in Tyr445 have phenotypic consediscrete Tub4p isoforms are detected by anti-Tub4p quences (see following sections), we focused in particuantibodies. lar on whether Tyr445 is modified during G1 of the cell To determine whether Tub4 is modified by phosphorycycle in vivo. Wild-type and tub4-Y445F cells were arlation, the inhibitors were left out and the extract was rested in G1 with ␣ factor, released from the arrest, and treated with calf intestinal phosphatase (CIP); under the proteins were prepared at 30 min after release (when these conditions, only a single isoform that corresponds cells are in late G1, 10 min prior to bud emergence; data to the most basic species was detected. Conversely, all not shown). As shown in Figure 2B , two Tub4p isoforms the acidic isoforms are detected in CIP-treated samples are in wild-type extracts 30 min postrelease; in contrast, containing phosphatase inhibitors ( Figure 1A) . Similar a single Tub4p isoform was detected in tub4-Y445F exresults are obtained using endogenous levels of Tub4p; tracts 30 min postrelease ( Figure 2B ). Longer exposures however, the two most acidic isoforms are present, but of these samples saturated the film but did not reveal with low abundance and are therefore difficult to obother isoforms (data not shown). Finally, protein samples serve (see following section). These data provide evidence that a ␥-tubulin (Tub4p) is phosphorylated in vivo.
were prepared from asynchronous cells overexpressing Figure 2C ). Thus, Tyr445 is required for one Tub4p phosof wild-type, mutant protein, and Tub2p were observed in each strain, indicating that the observed growth dephorylation event in G1 of the cell cycle.
fect of tub4-Y445D cells is not due to reduced levels of protein ( Figure 3D ).
Tyr445 Is Important for Tub4p Function
We next examined the consequences of mutating
The normal ␥-tubulin complex of budding yeast contains two molecules of Tub4p (Knop et al., 1997). We Tyr445 to either phenylalanine or aspartate. As controls, Ser444 was changed to alanine or aspartate (or Ser444 tested whether the mutant protein is capable of forming a Tub4-Y445Dp-Tub4-MYCp complex using coimmunoor Tyr445 to lysine). All mutations were introduced into the TUB4 chromosomal locus in diploid cells by homoloprecipitation experiments using anti-MYC or anti-Tub4p antibodies. As shown in Figure 3E , Tub4p is not detected gous recombination and confirmed by DNA sequencing. Haploid segregants of heterozygous diploids were in immunoprecipitations prepared from untagged wildtype extracts; in contrast, the Tub4-MYCp fusion protein tested for growth defects at 25ЊC, 34ЊC, 37ЊC, and 13ЊC. Strains containing mutations at Ser444 (Ser444Ala, is detected in extracts prepared from TUB4::MYC/ TUB4::MYC and TUB4::MYC/tub4-Y445D strains. The Ser444Asp, and Ser444Lys), Tyr445Phe, and Tyr445Lys did not exhibit growth defects at any of the temperatures untagged mutant protein coimmunoprecipitates with Tub4-MYCp, indicating that it assembles into the Tub4p tested. However, we found that cells containing the Tyr445Asp mutation (tub4-Y445D) did not form colonies complex ( Figure 3E ). Thus, the growth defect of the tub4-Y445D mutant is not due to an inability to form a Tub4p-at 34ЊC or 37ЊC ( Figure 3A) . The majority of tub4-Y445D cells incubated on solid medium at the restrictive temTub4p complex. We next investigated whether phosphorylation of perature (37ЊC) for ‫42ف‬ hr form colonies when shifted back to the permissive temperature (25ЊC), indicating Tyr445 might regulate Tub4p function by examining the effect of the tub4-Y445D mutation on nuclear positioning that these cells remained viable at 37ЊC ( Figure 3B Figure 3C) . min, 98% of wild-type and 90% of tub4-Y445D and tub4-Y445F cells had large buds and the nucleus was posiSince the growth defects of tub4-Y455D cells might arise from reduced protein levels at a restrictive tempertioned at or near the bud neck ( Figure 4C ). After 2 hr incubation at the restrictive temperature, the majority ature (34ЊC), extracts were prepared from wild-type and m/min) cells (Table 1) Table 1 ).
Taken together, these latter results suggest that the s); however, a third pauses after 20 s of growth, elongates for another 40 s, and then shortens ( Figure 5B ). transition between microtubule elongation and pausing or catastrophe is inhibited in tub4-Y445D cells. HowThus, the effect of the tub4-Y445D mutation on astral microtubule growth is not global, and perhaps is due ever, not all astral microtubules in tub4-Y445D cells exhibit suppressed dynamics. We observed that one of to increased numbers of microtubules competing for cant increase in the number of microtubules directed into the mother cell (see Figure 6A) . Thus, we speculate quenched by the addition of an equal volume of lysis buffer conFrequency of Astral Microtubule Assembly and Direction taining 2ϫ PIC, and Triton X-100 and SDS were added to 2% and The frequency of new astral microtubule assembly (nucleation or 0.1%, respectively, and extracted on ice as previously described. regrowth) was determined by counting the number of assembly events during each time lapse/unit time. Assembly events were Two-Dimensional Electrophoresis quantified using uncompiled 5-plane z series data from wild-type Extracts to be analyzed by two-dimensional electrophoresis (O'Far-(n ϭ 8) and tub4-Y445D (n ϭ 12) cells. The direction of termination rell, 1975) were treated with RNase/DNase for 15 min on ice and (mother, bud, and bud neck region) for each microtubule assembled centrifuged at 8000ϫ g for 10 min. An aliquot (25 l) of the supernawas determined at the point of maximal length. The variance and tant was diluted with an equal volume of lysis buffer (without deterstandard error for each data set and significance at p Ͻ 0.05 as gent), nine volumes of ice-cold acetone were added, and the prodetermined by a two-tailed Student's t test was calculated with teins were precipitated for 2 hr at Ϫ20ЊC. Precipitated proteins were Excel software.
pelleted by centrifugation at 6000ϫ g for 10 min, the acetone was Maximal Length and Dynamics of Astral Microtubules removed, and the pellet was dried at room temperature. Protein The length and dynamics of astral microtubules in wild-type and pellets, representing ‫52ف‬ l of clarified extract, were solubilized in tub4-Y445D cells was determined by measuring the length of single 50 l of urea sample buffer (USB: 9.9 M urea, 2% Triton X-100, 5% microtubules over time. Microtubule length was measured as x,y,z ␤-mercaptoethanol, and 0.1% SDS containing 0.4% ampholytes). pixel units in calibrated, uncompiled 5-plane z series data in wildSamples were used immediately or stored at Ϫ80ЊC. After the focusing step, IEF gels were incubated in prewarmed (60ЊC) by a two-tailed Student's t test was calculated with Excel software.
